Original scientific paper UDC: 532.529:662.62-912 BIBLID: 0354-9836, 7 (2003), 2, 43-58 In vessels containing fluidized solids, the gas leaving carries some suspended particles. 
Introduction
A fluidization vessel usually consists of two zones, a dense bubbling phase having a more or less distinct upper surface separating it from a lean or dispersed phase. The section of the vessel between the surface of the dense phase and the exiting gas stream from the vessel is called freeboard and its height is called freeboard height, H. The purpose of the freeboard is to allow the solids to separate from the gas stream, and as its height is increased entrainment lessens. A freeboard height is reached above which entrainment becomes nearly constant. This is called the transport disengaging height, TDH. Unfortunately there are two related but fundamentally different definitions in current use:
(1) The TDH is the height above the surface of the bed required for the coarses, flung up by the bubbles, to disengage and fall back into the bed. Above the TDH only fines are found;
(2) The TDH is the height above which the elutriation rate remains constant or declines only slightly. For a freeboard height less than the TDH, the size distribution of solids in the freeboard changes with position. When the gas stream exits are above the TDH then both the size distribution and entrainment rate become nearly constant. Elutriation refers to the selective removal of the fines from mixture and this may occur either below or above the TDH.
Particles are splashed into the freeboard when bubbles burst at the bed surface. The solids trown up into the freeboard contains the whole spectrum particles sizes present in the bed. Although bubbles clearly play an important role in entrainment, there is still no general agreement concerning the mechanisms by which solids are ejected into and transported throughout the freeboard. The basic ejection mechanisms emphasize the role of the bubble nose (roof) particles, the particles in the bubble wake or both nose and wake particles. The picture is further complicated by the freeboard effects, in which particles are transported upward as dispersed particles or as agglomerates and downwards near the wall of the column as a flowing suspension or in the center as large agglomerates. The term fines is reserved for size fraction of particles which have terminal velocity smaller than the superficial gas velocity.
Definition of elutriation rate coefficient
Several models and correlations for estimating total entrainment flux are reported in the literature. The total entrainment flux can be expressed by the following equation:
where E is the entrainment flux at a point h above the bed surface, and E 4 is the elutriation flux (or the entrainment flux above TDH). E 0 is the entrainment flux of particles at the bed surface and it can be obtained by extrapolation of the entrainment flux data in the freeboard to the bed surface. Such a correlation equation is given by Wen and Chen 
.
where A is the cross-section area of column. D b is the bubble diameter at the bed surface and can be calculated using an appropriate equation at different flow regimes. U mf is the minimum fluidization velocity. The constant a is independent of the bed's composition and can be evaluated from experimental data for E as a function of h. This constant representing the characteristics of the fluidized bed entrainment system. Values of a are ranged from 3.5 to 6.4 m -1 , and a value of 4 m -1 is recommended for a system in which no information on entrainment rate is available.
The total flux of particles elutriated can be calculated by the summation of the flux of each particle elutriated (a component elutriation flux). Thus,
Experimental evidence shows that only a small particles whose terminal velocity is less than the gas velocity will be carried out of the freeboard if the freeboard height is tall enough and if no internals are present in the freeboard. The proportionality between the elutriation flux of a component and its concentration in the bed is well established over a very wide range of concentration and sizes. The flux of the particles elutriated, E i4 , is determinate by both the elutriation rate constant, K i4 , and a weight fraction of the fine particles present in the bed, X i , as:
The elutriation rate constant can be regarded as the amount of particles blown away from a bed composed of one-sized particles. K i4 is defined mathematically as:
For a continuous feed of solids to a bed at equilibrium, X i and W are constant and then elutriation rate constant can be experimentally finding from relation
where x i is weight fraction of fine particles with size d i concerned into the entrained flux. Many correlations published (see table on the next page) for determining the elutriation rate constant are limited to the experimental conditions employed by each of the investigators. Extrapolation of these correlations to different operating conditions often leads to very strange results. The purpose of this study is to provide a new perspective based on the existing entrainment and elutriation data and to propose a new correlation which is more reliable than existing correlations for the simulation and modeling of freeboard phenomena in fluidized bed.
Dimensional analysis
Following three equations may be considered as the basic equations for elutriation:
Empirical correlations for elutriation rate constant K i4
Author Equation 
-for the momentum balance of fluid in column
Using the theory of dimensional analysis, the following equation is obtained:
where the second and third term on the right side, denotes Froudes' and Reynolds' number, respectively.
Experimental
The re search of par ti cles en trainment was car ried out in fluidized beds with dif fer ent con stant bed com po sition. The steady-state fluidized bed was ob tained by a con tinuos feed ing and dis charg ing of the ma te rial from the bed. The cy lin dri cal col umn with a diam e ter D s = 200 mm was made of glass and PVC parts. An out line of the ex peri men tal ap pa ra tus is shown in fig. 1 . A gas off-take was con structed like a con ical sec tion with a di men sion 200/50/150 and it was equipped at the top of the col umn. The amount of en train ment ma te rial was col lected in a fil ter cloth. Air was used as fluidizing gas. The air flow rate was mea sured by a or i fice inserted in 36 mm di am e ter pipe-line. The experiments presented in this paper were carried out for: -the superficial gas velocity was ranged from U f = 0.3-0.9 m/s, -the freeboard height was H = 2940 mm, -the fluidized bed height was h =320 mm, and -the fluidization air temperature ranged from 20 to 35 °C. 
Experimentally determination on minimum fluidization velocity
The fluidisation curve of polidisperzive materials has a transition area between the filtration and fluidisation state of the bed. The apparent, U mf-P and the total U mf-T minimum fluidisation velocity can be determinate. The experimentally obtained fluidisation curves for different mixtures are presented on fig. 2 . The values for apparent and total minimum fluidisation velocity are given in tab. 1. The relation U f /U mf is termed as a fluidisation number.
Experimental results and discussion

Effect of superficial gas velocity on total entrainment flux
The total entrainment flux is the sum of all component fluxes and the variation of E with U f depends therefore on the bed composition as well as on particle size. If the superficial gas velocity is initially below the terminal velocities of most of the powder and is increased to a value above that of most particles, a larger and larger proportion of the powder becomes available for carry-over. The experimental results presented in fig. 3 conforms that the superficial gas velocity had a significant effect on the total flux of particles entrained above the TDH. Since the freeboard height was always well above the TDH, the increase in the flux of particles entrained above the TDH can be attribute to an increase of bursting bubbles intensity at the bed surface and reasonly to an increase in the flux of particles ejected from the bed surface.
The experimental data of the total elutriation flux obtained for different bed mixtures are grouped when its present in depence of total number of fluidisation. This fig. 4 . This result can be explained by the conditions of the fluidised bed at the total minimum fluidisation velocity. The total minimum fluidization velocity is occurred when the all particles in the bed are in fluidised condition. In that case the segregation in the bed is exceeded, the origin of bursting bubbles is appears and the intensive mixing of the particles in bed is occurred. These hydrodynamic conditions are similar for the beds with various compositions at the point of total minimum fluidisation velocity.
Effect of fines in bed on total entrainment flux
The size distribution of bed material had an influence on the hydrodynamic of the bed and the freeboard. The segregation within the bed had the influence on the total entrainment flux. If the size distribution is very wide elutriation rates may increase due to segregation. As the concentration of fines in the bed is increased, the height required by the coarses for disengagement increases ( fig. 3) .
Effect of fluidisation velocity on size distribution of elutriated particles
The sieve anal y sis on en trained ma te rial is done. The cu mu la tive curves for size dis tri bu tion of par ti cles, for a free board height H = 2940 mm and var i ous su per fi cial gas veloc ity are given on fig. 5 . The su per fi cial gas ve loc ity has a dom i nant in flu ence of the size dis tri bu tion of elutriated par ti cles be cause the in creas ing of the ve loc ity en ables to reach the ter mi nal ve loc ity of the wide par ti cles frac tion. On the other side, the lim ited free board height and en sur ing the TDH de pends of the su per fi cial gas ve loc ity in ten sity. The ex per i men tal re sults shows that the rate of the coarse par ti cles into the en trained ma te rial is less than 3%, what means that the ex per i men tal con di tions (flow and geo met ri cal) re fer for free board height near est to TDH. The pres ence of coarse par ti cles in the elutriated ma te rial is greater for the higher su per fi cial gas ve loc ity.
Determination of the elutriation rate constant
The elutration rate constant for experimentally obtained results was determined by using the eq. (6). The teminal velocity for each fraction of particles was obtained with Todes' equation:
Re .
. log . 
Effect of fluidisation velocity on the elutriation rate constant
The influence of superficial velocity on the elutriation rate constant for the different bed composition of fine particles is given on fig. 6 .
The increase of superficial gas velocity U f increased the value of elutriation rate constant and had a strong influence on its determination. On the other side, the increase of the presence of fine particles in the bed mixture does not have effects of change to the value of the elutriation rate constant. This experimental result confirms the physical meaning of the elutriation rate constant as a coefficient of proportion between the ratio of the fine particles concentration at freeboard height and the total weight of fine particles remaining in the bed.
Comparison with the published equations in the literature
The experimentally determined elutriation rate constants, by using eq. (6), are compared with equations published in the literature. The comparative diagrams are presented on fig. 7 . Remarkable differences between experimentally obtained results and prediction of elutriation rate constant by using the published correlation occurred. Concerning the number of variables and the complexity (and inter-relation of the mechanisms occurring in, and above the bed), it is hardly surprising that the numerous published correlations predict widely different rates of carry-over (when applied to systems other than those which they are based on). It is not certain at all that the gas off-take was above the TDH in the used columns. Another problem that complicates the prediction of carry-over rates is that fines may be generated in the bed. The best fit to the experimental results are obtained by using the Geldarts' empirical correlation.
New empirical correlation for the elutriation rate constant
Taking into account the dominant dimensionless number derivate by using the theory of dimension analyses, eq. (9), a new form has been found to fit the experimentally data the best: 
where K 1 and K 2 are constants, and Froudes' and Reynolds' number is defined with the relations:
The values of the constants K 1 and K 2 are changed in dependence of the freeboard heights. On a base of the realized analyses for the lower freeboard heights •7•, the change of constant values with the freeboard height is given on the diagram on fig. 8 . fig. 7 , shows that the proposed Colakyan equation predicts the greatest values for the elutriation rate constant than all another equations. However, the proposed empirical correlation gives a better grouping of the experimental results and higher accuracy for fitting function. The definition and determination of the values for the constants K 1 and K 2 are work for further analyses.N
Conclusions
Using a steady-state fluidized bed with a sufficiently high freeboard, this experiment was carried out in order to investigate the effect of the freeboard height, superficial gas velocity and bed composition on the elutriation rate constant. Within the operating conditions, the following conclusions were drown: • A physical meaning of the elutriation rate constant K i4 as a constant of proportional to the ratio of the fine particles concentration at the freeboard height and the total weight of fine particles remaining in the bed is experimentally obtained.
• The effect of superficial gas velocity on K i4 was rarely investigated. The value of K i4 increases with the increase U f . • None of the published equations predicts all the experimental results; though some show the correct trends, other show deviations of several orders of magnitude.
• The elutriation rate constant is affected by Froudes' and Reynolds' numbers, determined with the theory of dimensional analysis. The empirical correlation for elutriation rate constant from a fluidised bed is well correlated with the developed empirical equation. 
